1 L-Arginine (Arg) is a widely used additive for suppressing protein aggregation 2 during refolding. Systematic screening of Arg analogs provides superior additives that enhance 3 the refolding yield more effectively than Arg. The refolding yield of hen egg lysozyme in the 4 presence of 500 mM L-argininamide (ArgAd) increases 1.7-fold higher than Arg. Thermal 5 unfolding experiments indicate that ArgAd has a greater denaturing effect than Arg, which 6 positively relates to the net charge of Arg analogs. Moreover ArgAd was also effective for the 7 refolding of bovine carbonic anhydrase. High potency to increase the refolding yield of ArgAd 8 compared to Arg results from high positive net charge and the denaturing property. 9
Introduction 1
Protein aggregation during refolding is a serious problem in biotechnology. The 2 high-level expression of heterologous protein in prokaryotic and eukaryotic hosts frequently 3 leads to the formation of insoluble aggregates, referred to as inclusion bodies (Marston 1986; 4 Lilie et al. 1998; Villaverde and Carrió 2003) . In order for the recovery of biological active 5 protein, solubilization of the inclusion bodies with a denaturing agent such as urea or guanidine 6 (Gdn) and subsequent in vitro refolding by dialysis or direct dilution are required (Fischer 1994; 7 Rudolph and Lilie 1996) . However, the refolding yield of reactivation is usually lowered 8 because correct folding in vitro competes with unproductive side reactions, e.g., the formation 9 of misfolded species and the aggregation of denatured protein (Zettlmeissl et al. 1979; 10 Goldberg et al. 1991; Kiefhaber et al. 1991 ) . 11 During the refolding reaction, the hydrophobic interaction drives the unfolded protein 12 to sequester their hydrophobic patches from water when the denaturant is removed (Dill 1990 ) . 13 The difference between protein folding and aggregation is described as an intramolecular 14 reaction (folding) or an intermolecular reaction (aggregation) by the following reactions: 15 U -> N ( 1 a ) 16
where U, N, and A 2 represent the unfolded protein, native protein, and a dimer, respectively 18 (Baynes et al. 2005 ). The simple model suggests that the marginal balance from the unfolded 19 state to the native structure or aggregates affects the refolding yields of unfolded proteins . 20 In order to improve the refolding yield, many types of additives have been used in the 21 refolding buffer. There are two types of refolding additives, folding enhancers and aggregation 22 suppressors (Tsumoto et al. 2003 ). The former is ammonium sulfate, polyols, sugars, and 23 Figure 1 shows the refolding kinetic model as described previously (Hevehan and De 16 Bernardez Clark 1997) . Briefly, this model assumes the formation of the transient intermediate 17 (I) from the unfolded protein (U) in the early phase of refolding. This is a rapid process with a 18 millisecond time range, so that the rate constant of the formation of I (k I ) can be assumed to be 19 infinite. Thus, this folding scheme is simplified to the parallel reaction, which consists of the 20 formation of native structure (I -> N) and aggregates (I -> A). The folding is a unimolecular 21 reaction, whereas aggregation is a higher order reaction. In the oxidative refolding of lysozyme, 22 the aggregation can be best described by third-order kinetics (Hevehan and De Bernardez Clark 23 8 1997). The refolding yield of lysozyme (Y) over time can be described by the following 1 equations: 2
where U 0 represents the initial unfolded protein concentration, t the refolding time, k N and k A 6 the folding and aggregation kinetic constants, respectively. 7 8
Circular dichroism spectroscopy 9
Circular dichroism (CD) spectroscopy was performed using a Jasco CD 10 spectropolarimeter model J-720W with a Peltier cell holder with a temperature controller 11 model PTC-348W (Japan Spectroscopic Co., Ltd., Tokyo, Japan). The near-UV CD spectra of 12 lysozyme were monitored in the wavelength range of 265-310 nm. The heat-induced unfolding 13 was monitored at 288.5 nm with a heating rate of 1°C min -1 using a 1 cm path-length cell. All 14 spectra representing the native lysozyme were solubilized into the buffer containing 0.1 M 15
Tris-HCl (pH 8.0), 1 mM EDTA, and 500 mM additives. The final protein concentration was 16 adjusted to 0.2 mg mL -1 . 17 18
pH titration 19
In order to determine the charged state of additives at pH 8.0, the pK a values of the 20 amino group of additives were determined by pH titration. A small quantity of 1.0 M NaOH 21 was added to 3 mL of 0.1 M additive solution. The change of pH was monitored with pH meter 22 model TPX-90i (Toko Chemical Laboratories Co., Ltd., Tokyo, Japan) and equivalent points 23 9 were calculated by derivation of titration curves. 1 10 3. Results 1
Screening of Arg analogs 2
In order to obtain superior additives to increase the refolding yields of protein, we 3 investigated Arg analogs using oxidative refolding of lysozyme as a model. Figure 2 shows the 4 11 kinds of refolding additives tested in this paper. The compounds in class A are Arg and Gdn 5 as well-known additives for refolding. The compounds in class B have no guanidino groups. 6
Gly and GlyAd are selected to reveal the effect of the side chains and amidation of the carboxy 7 group, respectively. In class C, ArgAd and ArgEE possess amide and carboxy ethylester 8 groups substituted for the carboxy group of Arg, respectively. GPA has no amino group and 9 two methylene groups shorter than Arg. In class D, HArg and AGPA have identical ionizable 10 groups to Arg but different lengths of methylene groups. 11
The reduced and denatured lysozyme was diluted into refolding buffer in the presence 12 of additives and then the refolding yield was compared by enzymatic activity. Figure 3 shows 13 the refolding yields of lysozyme in the presence of 500 mM additives. As the refolding was 14 accomplished by 40-fold dilution, 150 mM Gdn and 1 mM DTT remained in the final solution. 15
The refolding yield was only about 8% in the absence of additives. In the presence of Arg and 16
Gdn, the refolding yields were 37% and 40%, respectively. Orn, Gly, and GlyAd rather 17 decreased the refolding yields below 7%. In the presence of Cit, which has an ureido group 18 substituted for the guanidino group of Arg, the refolding yield slightly increased up to half in 19 the presence of Arg. This result should be due to the ureido group sharing a common structure 20 of urea, which is apparently similar to the weak chaotropic effect of Gdn. The additives that 21 showed higher refolding yields than Arg were ArgAd, ArgEE, GPA, HArg, and Gdn, though 22 they have a guanidino group. AGPA did not affect the refolding yield of lysozyme, while 23 1 yield of lysozyme ~ 63% among 11 additives tested. The substitution of amide group for the 2 carboxy group of Arg is favorable for the refolding of lysozyme. 3 4
Comparative data of Arg, Gdn, and ArgAd for refolding additives 5
We found that ArgAd increased the refolding yield of lysozyme more effectively than 6
Arg. In order to clarify the superior property of ArgAd, the oxidative refolding of lysozyme 7 was performed at various concentrations of additives and protein. 8 Figure 4A shows the refolding yield of lysozyme in the presence of various 9 concentrations of Arg, Gdn, and ArgAd at a protein concentration of 1.0 mg mL -1 . The 10 maximum refolding yields of lysozyme in the presence of ArgAd was 89% at around 0.8-1.0 M. 11
The profile of Gdn was similar to that of ArgAd with a maximum yield of 79% at 1.0 M. 12
However, the refolding yield in the presence of Arg was saturated above 1.3 M Arg. At 2.0 M 13 Arg, the refolding yield was 72%. These data show that ArgAd is the best additive under a 14 practical concentration for in vitro refolding below 1 M. 15 Figure 4B shows the refolding yields of lysozyme depended on the protein 16 concentration in the absence and presence of Arg, Gdn, and ArgAd. Reduced and denatured 17 lysozyme at various concentrations (16-114 mg mL -1 ) was diluted by 40-fold into the refolding 18 buffer containing 500 mM additive and then the residual activity was measured. In the absence 19 of additives, the refolding yields steeply decreased and nearly all the lysozyme could not refold 20 above 1.6 mg mL -1 . In the presence of 500 mM Arg, Gdn, and ArgAd, the profiles were clearly 21 improved. At a high concentration of protein above 1.6 mg mL -1 , ArgAd increased the 22 refolding yield by 8-fold compared to absence of additive, while Arg and Gdn increased 23 12 5-6-fold ( Fig. 4B inset) . It is interesting to note that at the low protein concentration, the 1 refolding yield is little improved by the additives, implying that preventing intermolecular 2 interaction plays a key role in increasing the refolding yield. 3 4
Kinetics for refolding in the presence of ArgAd, Arg, and Gdn 5
To further investigate the efficacy of ArgAd and its mechanism of action, refolding 6 kinetics were measured in the absence or presence of 500 mM Arg, Gdn, and ArgAd. The 7 refolding yields increased over time and reached plateau after 2-3 h, as shown in 8
Supplementary Figure S1 . The experimental data were well fitted to Eqs. (2a) and (2b). The 9 deduced values of k N , k A , and φ are summarized in Table 1 . As can be seen from the table, the   10 values of k N , which corresponds to the kinetic parameter from unfolded state to native, were 11 slightly decreased when ArgAd, Arg, and Gdn were added at a concentration of 500 mM. In 
Thermodynamic stability of lysozyme in the presence of ArgAd, Arg, and Gdn 21
In order to clarify the denaturing effects of additives, thermal unfolding profiles of 22 lysozyme were measured by CD spectroscopy. Figure 5A shows the near-UV CD spectra of 23 13 non-reduced lysozyme at 25°C in the absence or presence of Arg, Gdn, and ArgAd. There were 1 no significant differences even in the presence of additives. Figure 5B shows the thermal 2 unfolding curves of native lysozyme monitored at 288.5 nm. No aggregation was observed 3 even at 98°C and thermal unfolding was irreversible even in the presence of additives. In the 4 absence of additives, the apparent midpoint temperature of unfolding (T m ) was 74.9°C. In the 5 presence of 500 mM Arg, the T m value was 74.5°C, which is slightly lower than the absence of 6 additives. On the other hand, in the presence of 500 mM Gdn and ArgAd, the T m values were 7 70.4°C and 71.2°C, respectively. This indicates that Gdn and ArgAd possess denaturing 8
properties. Interestingly, the denaturing effect of ArgAd was larger than that of Arg but smaller 9 than that of Gdn. Thus, the improvement of the refolding yield in the presence of ArgAd cannot 10 be explained by only the stabilization of aggregation-prone species relative to aggregates. 11 Supplementary Figure S2 . The pK a values of the amino group and the net charge of Arg, 20
ArgAd, HArg, and AGPA, are summarized in Table 2 . The pK a value of the amino group of 21
HArg was higher than that of Arg, while that of AGPA was lower. This would be due to the 22 inductive effect depending on the number of the methylene group between the guanidino group 23 14 and α−carbon. Although the pK a of the amino group of ArgAd was the lowest value of all 1 additives tested, the net charge of ArgAd was highest due to the substitution of the amide group 2 for the carboxy group. The relationship between the net charge of Arg analogs and refolding 3 yields suggests that the high net charge may contribute to the effect of ArgAd as discussed in 4 the following section. 5 6 3. 6 . The effect of ArgAd on CA refolding 7
In order to confirm versatility of ArgAd as a refolding additive, we compared the 8 additives on the refolding yields of CA, which is a monomeric protein with the molecular mass 9 of 30 kDa with neutral pI. As shown in Figure 7 , the refolding yield of CA in the absence of 10 additives was about 13%. In the presence of 250 mM Arg and Gdn, the refolding yields were 11 23% and 36%, respectively. On the other hand, the refolding yield in the presence of 250 mM 12
ArgAd was 1.4-fold higher than that in the presence of Arg. This result suggests the possibility 13 of ArgAd as a versatile additive for protein refolding. 14 that ArgAd is the most effective among the additives tested. We discuss why ArgAd is superior 3 as a refolding additive as follows. 4
The simple finding is that guanidino compounds improve the oxidative refolding of 5 lysozyme (Fig. 3) . Gdn or the guanidino group binds to the aromatic side chains, as well as the as ArgAd shows a higher denaturing effect than Arg. However, Gdn is also a stronger protein 3 denaturant than ArgAd. Although the protein-denaturing effect is key factor to understanding 4 the refolding additives, not all the properties of additives could be described. 5
One of the finding of our study is that ArgAd preferentially suppressed intermolecular 6 aggregation comparing to intramolecular folding ( Table 1 ). This phenomenon is apparently 7 similar to the thermal unfolding of lysozyme under the acidic condition; i.e., lysozyme does not 8 aggregate but it reversibly refolds at acidic pH (Ueda et al. 2000) . ArgAd has a higher positive 9 net charge than Arg due to the unionizable amide group (Table 2) . ArgAd may tend to interact 10 with folding intermediates and neutralize local negative charges leading to enhanced 11 electrostatic repulsion between aggregation-prone species. This idea is supported by the data 12 There is a positive relation between the refolding yield and the positive charge of Arg 19 analogs (Fig. 6 ). The refolding yields in the presence of Arg, HArg, and AGPA were clearly 20 different although they have the same ionizable groups. This difference would be due to the 21 charged state of the C α −amino group of additives (Table 2) . Moreover, ArgAd has the highest 22
net charge of all additives tested. These results support the idea that positively charged additive 23 increases the refolding yield. 1
In summary, we showed that a new refolding additive ArgAd improves the refolding 2 yield due to the suppression of aggregation. The comparative analysis of ArgAd to similar 3 compounds reveals that the refolding additives require the guanidino group and some positive 4 net charges. These experimental facts provide information for developing new protein 5 aggregation suppressors and refolding additives. It should be noted that ArgAd is somehow 6 toxic and too expensive to use the bioprocess. These properties can be overcome by searching 7 the analogues of ArgAd. Goldberg, M.E., Rudolph, R. and Jaenicke, R. 1991. A kinetic study of the competition 22 between renaturation and aggregation during the refolding of denatured-reduced egg 23 Figure S1 ). 5
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